There were no material differences in other characteristics. Acute COPD exacerbation rates were high in the trial population (98.37th percentile). conclusion The trial population was similar to the nontrial COPD population. We observed some evidence of a Hawthorne effect, with more exacerbations recorded in trial patients; however, the largest effect was observed through behavioural changes in patients and general practitioner coding practices.
Introduction Traditional phase IIIb randomised trials may not reflect routine clinical practice. The Salford Lung Study in chronic obstructive pulmonary disease (SLS COPD) allowed broad inclusion criteria and followed patients in routine practice. We assessed whether SLS COPD approximated the England COPD population and evidence for a Hawthorne effect. Methods This observational cohort study compared patients with COPD in the usual care arm of SLS COPD (2012-2014) with matched non-trial patients with COPD in England from the Clinical Practice Research Datalink database. Generalisability was explored with baseline demographics, clinical and treatment variables; outcomes included COPD exacerbations in adjusted models and pretrial versus peritrial comparisons. results Trial participants were younger (mean, 66.7 vs 71.1 years), more deprived (most deprived quintile, 51.5% vs 21.4%), more current smokers (47.5% vs 32.1%), with more severe Global initiative for chronic Obstructive Lung Disease stages but less comorbidity than non-trial patients. There were no material differences in other characteristics. Acute COPD exacerbation rates were high in the trial population (98.37th percentile). conclusion The trial population was similar to the nontrial COPD population. We observed some evidence of a Hawthorne effect, with more exacerbations recorded in trial patients; however, the largest effect was observed through behavioural changes in patients and general practitioner coding practices.
IntroductIon
Conventional double-blind, randomised controlled trials (RCTs) test the efficacy and safety of an intervention to identify the presence and size of a pharmacological effect. They often have highly restricted entry criteria to reduce heterogeneity, intensive follow-up schedules and monitoring, and proactively encourage adherence to study medication. The generalisability of such trials to everyday practice is therefore questionable. 1 2 This could be overcome by conducting trials with more inclusive entry criteria in an environment that reflects everyday clinical practice. However, the true generalisability of such 'pragmatic' trials is unknown.
The Salford Lung Study in chronic obstructive pulmonary disease (SLS COPD) was a phase IIIb RCT conducted in UK primary care that evaluated the clinical effectiveness and safety of initiating once-daily inhaled fluticasone furoate/vilanterol (FF/VI) 100/25 µg versus continuing usual care (UC) in patients with COPD and exacerbation history. 3 The trial was conducted in Salford and surrounding areas in Greater Manchester, England, which has an established electronic health record (EHR) system, connecting primary-care and secondary-care EHRs so that participants could be closely monitored with minimal intrusion. Novel characteristics of the trial included broad inclusion/minimal exclusion criteria, treatment administration in routine clinical practice, few protocol-mandated clinic visits, patients accessing their medication through their usual general practitioner (GP)/pharmacy, and control patients continuing on UC, which could be Key messages ► The trial population was similar to the non-trial chronic obstructive pulmonary disease (COPD) population; we observed evidence of a Hawthorne effect, with more exacerbations recorded in trial patients, but this effect was mitigated by supporting evidence from secondary analyses. ► There was further evidence of a Hawthorne effect through behavioural changes in patients and general practitioner coding practices. ► This study develops novel methods to evaluate the presence of a Hawthorne effect operating for a trial, such as the Salford Lung Study in COPD, which was conducted in the setting of everyday clinical practice; to our knowledge, this is the first study of its kind.
Open access modified at their GP's discretion. 4 While SLS COPD was designed to test effectiveness in the routine care setting, two concerns were raised with regard to extrapolating findings to everyday clinical practice. First, the trial population may not be representative of the wider COPD population; and second, study participant behaviour as assessed by the Hawthorne effect 5 6 may introduce bias, thereby affecting outcomes in both treatment arms. 7 The Hawthorne effect is a phenomenon whereby participants or practitioners modify their behaviour due to an awareness of being observed. 8 9 Several RCTs have explored this effect, 10 11 with mixed findings on when and how it operates. New concepts and techniques are required to test for this phenomenon in a consistent manner.
The present study had two aims: to evaluate how representative the SLS COPD population was of the wider COPD population in England; and to evaluate the potential Hawthorne effect in the trial setting by comparing COPD outcomes in the UC arm with those in the Clinical Practice Research Datalink (CPRD) primary care database, and by comparing COPD outcomes and other measures (primary care contact, COPD prescription use and treatment switching) over time in the UC arm.
Methods study design and participants
This retrospective, observational cohort study compared SLS COPD patients with selected cohorts of patients with COPD in a non-trial population. The trial cohort comprised patients randomised to the UC arm and data were obtained from patients' primary care EHRs and from the trial database. The comparator cohort was derived from the CPRD, a provider of primary care data from a broadly representative sample of practices in England. 12 The main comparator population was restricted to practices outside Greater Manchester (to avoid duplicating patients enrolled in the trial). We then selected CPRD patients who had a coded COPD diagnosis in primary care (codelist found at https://www. gsk-clin ical stud yreg ister. com/), ≥1 day of up-to-standard follow-up registration in CPRD, were aged ≥40 years, and who were eligible for linkage to Hospital Episode Statistics (HES), death records from the Office for National Statistics and patient postcode-derived Index of Multiple Deprivation (IMD) 2010 quintiles (a measure of socioeconomic status (SES)). 13 A third cohort of CPRD patients from within Greater Manchester was retained for sensitivity analyses. Although linkage to HES was an eligibility criterion, analyses involving secondary care data are not presented herein. CPRD patients were then assigned index dates by matching to SLS COPD UC patients based on SLS randomisation dates (5 April 2012-24 October 2014). At the assigned index date, CPRD patients were required to meet the main trial inclusion/exclusion criteria (except for excluding patients with life-limiting conditions, which could not be replicated using primary care data) and have 1 year of data before the index date. Further details of the matching strategy are described in online supplementary appendix 1. Final index date-matched comparator cohorts (matching ratios 3:2 and 12:1), hereafter referred to as CPRD-GM and CPRD-xGM, comprised patients who were or were not registered at a practice in Greater Manchester, respectively. Patients were followed for 1 year after the index date (randomisation date), or to death or loss to follow-up, whichever occurred first, to mimic the planned 12-month duration of the trial.
The study protocol (online supplementary appendix 2) was approved by the CPRD For the purposes of assessing the Hawthorne effect, the rate of acute exacerbations of COPD (AECOPD) episodes over the 12-month period after the randomisation date (trial cohort) or index date (CPRD cohort) was chosen as the primary endpoint. COPD exacerbations were defined using a published algorithm 15 and comprised two parts: identifying events and generating episodes. Events were those that met any criteria from the validated algorithm 16 ; events occurring close together were considered likely to be related and were combined into exacerbation episodes (hereafter referred to as 'AECOPD episodes'). Additional outcomes considered were hospitalised pneumonia; a 'strict' (more specific) definition of AECOPD episodes based on acute exacerbation medical codes only; time to first AECOPD; number of days of primary Open access care contact; number of trial-related prescription items, a binary variable to indicate whether patients switched treatment class during the trial; and mortality. Full definitions of the primary outcome and secondary outcomes are provided in online supplementary appendix 1.
Where possible, variables for the trial cohort were derived using the EHRs to maximise comparability with the CPRD groups. In particular, validated exacerbations reported in the trial database were not used in our analyses; rather, AECOPD episodes were derived algorithmically 16 to maintain comparability by using the EHRs from both sources. History of asthma, rather than current asthma, was used as a covariate in the models due to difficulties in differentiating historical versus current asthma in EHR data and for consistency with other comorbidities, which were all assessed as historical variables. Online supplementary table E1 details the data source used to derive variables for the trial cohort.
statistical methods
To handle missing data, a single stochastic regression imputation was applied (multiple imputation with m=1). 17 Each cohort was imputed separately, with each model comprising all confounders and the main outcome variable. Imputed variables were IMD, FEV 1 % predicted, FEV 1 :FVC ratio, MRC dyspnoea score, BMI and smoking status. A complete case analysis was conducted as a sensitivity analysis.
Representativeness of SLS COPD
To evaluate the representativeness of SLS COPD, distributions of baseline demographics, clinical variables, prescribed COPD medications and outcomes were summarised for the trial UC arm and the matched CPRD-xGM cohort. We considered whether the distribution of variables in the trial was unusual in the context of variability between anonymised local authorities (LAs) in the CPRD (LAs are regional areas in the UK of comparable size with Salford). For continuous and binary variables, an empirical 2.5th-97.5th percentile range of LA means (proportions; 95% window) was constructed from CPRD-xGM. If the single mean value from the trial fell outside this range, it was considered unusual. For categorical variables, χ 2 test was performed testing each LA against the reference distribution (all other LAs combined). Test statistics from each test were used to construct a 0th-95th percentile range, and the trial value was deemed unusual if its test statistics lay outside this range.
Comparing outcomes during trial with non-trial population (testing for Hawthorne effect in the UC arm) Multilevel models 18 were fitted to compare outcomes in the trial and CPRD-xGM cohorts. These models had two levels: patient and LA. Random intercepts were included at the LA level. The point estimates for the random intercepts associated with each LA in CPRD-xGM were combined to generate an empirical 2.5th-97.5th percentile range. Each point estimate is the relative rate of the LA compared with the average. If the estimate for the trial random intercept lay outside this 2.5-97.5 range, it was considered unusual. For the primary outcome (rate of AECOPD episodes), as well as several secondary outcomes (hospitalised pneumonia episodes, strict definition of AECOPD episodes, primary care contact days and number of trial-related prescription items), a Poisson multilevel model was applied to the data. Poisson models were used as the number of AECOPD episodes is a count variable; furthermore it allows adjustment for the time at risk (necessary as episodes and follow-up may vary in length) in this setting. 18 19 A Cox multilevel (frailty) model was fit to the time until the first AECOPD episode and the time to mortality. 20 A logistic multilevel model was fit to the binary variable indicating treatment switching. 18 In these cases the point estimates of the random effects can be interpreted as HRs and ORs compared with the average.
All models included the same set of covariates for consistency. Covariates were included if the likelihood ratio tests in the univariate analyses indicated that they were statistically significant predictors of exacerbations. GOLD stage was not considered for adjustment, as it is derived directly from FEV 1 % predicted and FEV 1 :FVC ratio, which were included. All continuous variables were modelled with linear and quadratic terms to allow for simple deviations from linearity. For parsimony, interactions between covariates were not considered. Groupings for categorical variables were chosen using pre-existing guidelines (eg, Charlson score). 21 In the Poisson models overdispersion was assessed; if present, generalised Poisson models were applied to the data. 22 Time at risk was incorporated as an offset in Poisson models and was incorporated as censoring in the Cox models. KaplanMeier plots of univariate Cox models were produced to assess the proportional hazards assumption.
'Difference in difference' comparison of primary and secondary outcomes before and during SLS COPD (further context for Hawthorne effect) All primary and secondary outcomes, except hospitalised pneumonia, mortality and time to first exacerbation (excluded due to lack of data before trial or not methodologically possible), were compared using a 'difference in difference' approach in the year before and during the trial. 23 A 'period' variable was introduced, indicating whether the outcome was calculated in the year before or after the index date (ie, during the trial period). Multilevel models 18 (Poisson or logistic, as appropriate; see above) were applied; random intercepts were included at both the patient level (as there were two observations per patient) and the LA level. A random coefficient for the period variable was also included at the LA level and point estimates for the random coefficients were then calculated for each LA. These estimates are relative rates (or ORs for the binary outcome) comparing the two time periods within each LA. The point estimates from each LA were combined to create a 2.5th-97.5th percentile range, and the position of the trial's random coefficient within this range was of interest.
All cohort derivation and analyses, with the exception of the 'difference in difference' comparison, were independently programmed by the University of Manchester and GSK using SAS/STAT V.9.4 software 24 for Windows. SAS and all other SAS Institute product or service names are registered trademarks or trademarks of SAS Institute (Cary, North Carolina, USA). The 'difference in difference' comparison of primary and secondary outcomes before and during SLS COPD (further context for Hawthorne effect) was conducted using R V.3.4.0 25 ; this was programmed at the University of Manchester and the code was reviewed by quality control analysts at GSK. results study population The SLS COPD cohort comprised all patients in the UC arm (n=1403). An exclusion flow chart for the CPRD cohorts is provided in figure 1 ; the main comparison cohort, CPRD-xGM, comprised 16 758 patients. Imputed data were compared with complete data, and no significant differences were observed (online supplementary tables E2, E3 and E4).
baseline comparisons
The summary statistics for a selected group of covariates are presented in table 1 (other covariates are presented in online supplementary table E5). Figure 2 provides a graphical representation of table 1 for some key covariates. Both the CPRD-GM and trial cohorts were more deprived than the CPRD-xGM cohort, and the trial cohort contained more current smokers than the CPRD-GM and CPRD-xGM cohorts. The severity of airflow limitation in SLS COPD patients assessed according to GOLD stage was more severe than both CPRD cohorts. However, MRC dyspnoea scores of the trial cohort were less severe than the CPRD cohorts. Figure 3 indicates variables in the trial cohort that were deemed unusual with respect to regional variation in CPRD patients. Age was the only continuous variable considered unusual, with the mean SLS COPD patient age below the 2.5th percentile; comorbidity histories, vaccination history, previous COPD exacerbations, FEV 1 % predicted and FEV 1 :FVC ratio were all within the usual range ( figure 3A) . All categorical variables except BMI were deemed unusual ( figure 3B ).
outcome comparisons
The rate of AECOPD episodes per person-year was higher in the trial cohort (rate, 1.91; 95% CI 1.83 to 1.99) than the CPRD-GM cohort (rate, 1.63; 95% CI 1.57 to 1.69) and the CPRD-xGM cohort (rate, 1.53; 95% CI 1.51 to 1.56; table 2). This was also seen for the 'strict' AECOPD definition, where rates were higher in trial patients. The mortality rate was lower in trial patients, while primary care usage was higher, with almost twice as many COPD medication prescriptions per patient per year and a lower proportion of treatment switching versus CPRD-GM and CPRD-xGM patients (table 2) .
The results from the adjusted multilevel models of outcomes are presented in table 3. These random effects were expressed as relative rates in Poisson models, as HRs in Cox models and as ORs in logistic models. Generalised Poisson models were used for all count outcomes, as the data were overdispersed. For AECOPD episodes, the trial's random effect fell at the 98.37th and 96.70th percentiles for the Poisson and Cox models, respectively. This indicates unusual exacerbation rates and a high, but not unusual, HR for the trial versus CPRD. The primary analysis was also carried out using the cohorts with complete data (online supplementary table E6), with no large differences found (94.06th and 94.01th
Open access percentiles, respectively). The percentile for the rate of strict AECOPD episodes was similar (97.36th percentile). The number of primary care contact days was unusually high, while mortality was unusually low for the trial cohort; rates of treatment switching and prescription counts were not unusual. Descriptive modelling illustrated that the crude/unadjusted rate of hospitalised pneumonia was lower in the SLS COPD UC cohort, but the rate of pneumonia in SLS COPD was similar to the CPRD in the fully adjusted multilevel models (online tables E7 and E8).
The results from the comparison of exacerbation rates before and during SLS COPD (difference in difference analysis), using fully adjusted multilevel models, are presented in table 4. The change in exacerbation rate in the trial cohort approximated that in the CPRD-xGM cohort (64.17th percentile), whereas for the strict AECOPD definition the trial cohort was deemed unusual (100th percentile), indicating a large increase in recording of AECOPD codes. There was a large drop in the rate of COPD-related prescriptions in SLS COPD during the trial compared with CPRD (0th percentile) and a decrease in treatment switching (0.27th percentile). Despite the rate of contact with primary care in the year during the trial being unusually high, the change in primary care contact days was similar to the average change observed in CPRD patients (57.06th percentile).
dIscussIon This study has contextualised SLS COPD by evaluating the representativeness of the patient population and the potential Hawthorne effect of the trial. We found similarity between the trial UC population and the potentially trial-eligible population across England in terms of sex, comorbidity histories, vaccination history, previous Open access COPD exacerbations, FEV 1 % predicted, FEV 1 :FVC ratio and BMI, but with some differences in age (younger), SES (more deprived), smoking status (higher), current medication (higher), Charlson index (lower), MRC dyspnoea score (lower) and GOLD stage (higher). Most of these differences are reflective of differences between patients in Greater Manchester versus the rest of England (eg, SES scores). 13 SLS COPD showed unusually high rates of current smoking, even compared with CPRD-GM patients. However, overall the trial cohort and the cohort of patients with COPD across England were broadly comparable. History of asthma is high in these cohorts, which may reflect poorly diagnosed COPD or childhood wheeze, while current asthma is much lower.
Concerning the Hawthorne effect evaluation, the rate of AECOPD episodes among SLS UC patients was high (98.37th percentile), but did not appear to be triggered by the trial; exacerbation rate did not change by an unusual amount after the trial began (64.17th percentile). There was, however, a significant increase in the rate of strictly defined AECOPD episodes recorded (100th percentile). This provides some evidence of a Hawthorne effect whereby exacerbations were more likely to be detected in the trial population and/or more likely to be explicitly recorded.
Mortality was comparatively low in the trial (0th percentile); however, we were unable to replicate the preferential selection of patients with fewer life-limiting conditions when selecting the CPRD cohort. There was an unusual drop in treatment switching during the year of the trial (0.27th percentile), which could be explained by rationalisation of multiple treatments into a single form at the study start date. There was also a reduction in prescriptions from the pretrial year to the trial year (0th percentile), possibly also due to treatment rationalisation, but also GPs bringing forward prescriptions to the SLS COPD start date or changes in prescription length. Of note, in the trial, the index date was a GP visit; patients in the CPRD cohort will not have had a comparable exposure on that date that may have precipitated a change in treatment regimen. These results highlight the importance of the 'difference in differences' analysis, as the rate of prescriptions during the trial was comparatively high (87.88th percentile), but had decreased compared with the previous year. This is in contrast to the rate of primary care contact, which appeared unusually high in the primary analysis, but was consistent in the years before and during the trial.
A strength of this study is that we used data, and variable definitions, that were broadly comparable between the trial and routine-care contexts, and a validated algorithm to define the primary outcome of AECOPD episodes. However, the EHR data collected in routine care, used in both the trial and comparator cohorts, present challenges for use in clinical research. In particular, we were unable to reliably ascertain medication adherence variables such as medication possession ratio because of incomplete capture of detailed prescription information. 26 EHR data of trial patients were derived from both EMIS and VISION software, whereas CPRD data comprised only VISION practices. Therefore, some differences could be explained by software-for example, higher coding rates with EMIS (online supplementary tables E9 and E10). For full definitions of above outcomes, see online supplementary appendix 1. *AECOPD events were those that met any criteria from the validated algorithm. 16 †The strict definition of AECOPD events was strictly medical codes for acute exacerbation of COPD. ‡Prescription of any treatment counted as usual care in SLS COPD. For full definitions of above outcomes, see online supplementary appendix 1. For Poisson models, the random intercepts represent relative rates; for Cox models, they represent HRs; for logistic models, they represent ORs. 18 20 SLS COPD is deemed unusual with respect to a particular variable if the random intercept for the SLS lies outside of the 2.5th-97.5th percentile range of the distribution of random intercepts of the local authorities in CPRD. Variables adjusted for, following significant univariate likelihood ratio tests, were sex, age, socioeconomic status, medication group defined from the previous 3 months, history of depression, anxiety, asthma, pneumonia, and gastro-oesophageal and peptic ulcer disease, COPD exacerbation history in the previous 12 months, MRC dyspnoea score, pneumococcal vaccine, FEV 1 %, FEV 1 :FVC%, and smoking status. *Poisson model. †AECOPD events were those that met any criteria from the validated algorithm. 16 ‡Cox model. §The strict definition of AECOPD events was strictly medical codes for acute exacerbation of COPD. Open access However, the comparison of outcomes in the year pretrial and peritrial would not have been affected by variation in the EHR systems.
Our decision to determine whether a variable was unusual based on a 95% interval is arbitrary; therefore, the percentile in which the observation for membership of the trial cohort lies is important. A strength of this method is the transparent approach of displaying the percentile in addition to the binary classification, allowing readers to draw their own inferences.
In conclusion, we found broad similarity between the enrolled SLS COPD UC cohort and a wider trial-eligible COPD cohort across England on most measures. We observed that AECOPD episode rates were relatively high in the trial, indicative of a potential Hawthorne effect, although this was mitigated by the pretrial and peritrial analysis. The main evidence of a Hawthorne effect was observed through behavioural changes-for example, coding practices or number of COPD medications prescribed by GPs. In future studies similar to this, it may be preferable to focus on accurately measuring behavioural factors of physicians. We also recommend performing a pretrial and peritrial comparison of outcomes of interest within patients to reduce some potential biases.
Overall, this study supports the generalisability of SLS COPD results and comparative effectiveness of FF/VI when use becomes routine. There is a small body of literature exploring the generalisability or transportability of trial results, using sampling weights to adjust estimates of interest. 27 28 However, to our knowledge, ours is the first study of its kind, comparing both patient characteristics and outcomes with regional variation across England. Given that EHR-enabled real-world trials are becoming more feasible 29 30 and relevant to inform decision making by regulators, health technology assessment bodies, providers and payers, these companion cohort studies are becoming increasingly important 31 32 and should be conducted wherever possible to assess the generalisability of open-label trials and to inform the design, operations and analytic methods development for future studies. including Loretta Jacques, Susan Collier and David Leather, and the CHESS Scientific Steering Committee. Medical writing support in the form of editorial suggestions to draft versions of this paper, assembling tables and figures, collating author comments, copyediting, referencing, and graphic services was provided by Emma Landers, PhD, of Gardiner-Caldwell Communications (Macclesfield, UK) and was funded by GSK.
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